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|_EMPIRE highlights

System of codes for modeling nuclear reactions:

# broad range of energies (up to ~200 MeV)
and projectiles (any nucleon or Hl)

most important nuclear reaction models
extensive input parameter library (RIPL-2)
ENDF-6 formatting

utility codes (ENDF-6 verification)
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|_EMPIRE highlights (cont.)

» automatic retrieval of experimental data from
EXFOR

» Interactive plots of experimental and
calculated results
» excitation functions
» angular distributions
» Inclusive emission spectra for n, p, «, and

—

» double differential spectra



EMPIRE layout

input data
(E, A, 2)

Masses

Opt. mod. pot
Level schemes
Level densities
Fission barriers
g.s. deformations
g-ray str. functions

Opt. mod. pot
Level densities
Fission barriers
Moments of inertia

Experimental data
X-sections

spectra

ang. distributions

@ Plots

ENDF-6
file

Reaction X-sec.,
angular distrib.,
energy spectra,
double-diff.
(with exp. data)

Reaction X-sec.,
angular dist.,
energy spectra,
double-diff.,
iIsomeric X-sec.,
gamma production,
discrete g-lines,
recoils spectra.



| Reaction.mechanisms

optical model (SCAT?2),

coupled channels (ECIS),

TUL Multistep Direct (ORION + TRISTAN),
NVWY Multistep Compound with v-emission,
second-chance preeq. emission,

exciton model (DEGAS),
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| Reaction mechanisms (cont.)

» Monte Carlo preequilibrium (DDHMS),
o HRTW for widths’ fluctuations,

» Hauser-Feshbach model with full v-cascade
and dynamical deformation effects ,

» State of the art fission (three-hump batrrier)

—



EMPIRE core

Direct/ Preequilibrium Compound
absorption emission Nucleus

TUL MSD ) >
(TRISTAN) NVWY MSC
Hauser-
Feshbach )
Exciton \
(DEGAS) /

HRTW
HMS \

(DDHMS) )

' CC MSD MSC DEGAS HMS Lev.Den.




| EMPIRE. statistics
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EMPIRE core: >60 000 lines
utility codes: >61 000 lines
# of bash and Tcl/Tk scripts: 25

size of t
size of t
size of t

ne RIPL-2 library: 224 Mb

ne EXFOR library: 567 Mb

ne internal parameter library: 2 Mb

B



EMPIRE GUI (Main)

File Options Inputs Exzecute Outputs Plots Clean Source Help

5| 4% 4+ BE O G

Main 1 \ Main 2 \'\Mpluts\ Logs \. Files \". Archive \'\ Multi-run\ Source \.

—EMPIRE input——r; ——Execute————————— — Cwtput —Dwutdn: Levels—; ——Otn: OMP
Create Run+Format:Plot Full All Internal
or
=1 short Collective RIFL
Edit
Format Flot EMDFE Sl plot Direct




EMPIRE GUI (ZVV plots)

File Options Inputs Execute Outputs Plots Clean Source Help

5| we (4 & 4 B3 B M@ @

Main 1 \'\ Main 2 \\MPIDE\ Logs \. Files \". Archive \'\ Multi-run\ Source \.

Available Zyvy plots select spectra for 2V plotting List of selected
[U35-18 zvd | i | # | MF|p| MT | Enc | Eev |Angl~
lu3s-18refzyvd “A :191 DD n FPROD 9600E+06 110 Shift 10 ]‘—_I
st zvd 195 DE n PROD 1430Ee07 S M
! = n A30Ex - ;
{11010, 200 ity |~ Bedk s i R -
It Uaavn Plot selscted MT 185 DD n PROD 14B0E+07 9.000E+06 R
{u36-4.zvd 186 DD n PROD 1.4B0E+07 7.000E+0G Fiab s
{u38-2.zvd 197 DD n PROD 1.460E+07 S000E+08 - T—
u38-1.2vd 188 DD n PROD 14B0E+07 3 S00E+0G | i |

ZWV plot Launch 188 DD n PROD 1 460E+07 2 500E+0G

fram Zh 200 DD n PROD | .790E+06 120
EMFIRE interface 201 DD n PROD 2.190E+08 120 3
[

. CC MSD MSC DEGAS HMS Lev.Den. | Results




| Operating systems

» languages: FORTRAN 77 (99%), C (mostly
Z\VView), bash, Tcl/Tk, awk

# operating systems:
» Linux (developed on Red Hats up to
version 9 ),

» UNIX (any one should work but TLC might
be needed)

» Mac (reported to work)
» MS Windows (EMPIRE core runs)

» VMS (EMPIRE core used to run) |

- CC MSD MSC DEGAS HMS Lev.Den. | Results




| Coupled-Channels and DWBA

ECIS code by J. Raynal

» |Important for deformed nuclel

» Provides:
» total cross section
» elastic cross section

» absorption cross section
» Inelastic cross sections to collective levels

» transmission coefficients




| CC and DWBA (cont.)

» EMPIRE calls ECIS in a transparent way
# RIPL or internal omp are usec

» Collective levels taken from RIPL or set up
automatically

#» Deformed nuclel treated as rotational,
spherical as vibrational

#» Results are transferred to EMPIRE and used

INn subsequent calculations



| CC and DWBA (cont.)

ECIS can be invoked by EMPIRE In 3 ways:

DIRECT=1 CC for collective levels, total, elastic
and absorption, SCAT2 T;’s used for
PE and HF calculations

DIRECT=2 as above but CC is used for all T;’s

DIRECT=3 DWRBA for collective levels, total,
elastic and absorption, SCAT2 1;’s
used for PE and HF calculations.

- CC/ MSD MSC DEGAS HMS Lev.Den. Results |




| Multistep Direct

ORION & TRISTAN by Tamura, Udagawa and
Lenske (TUL)
Combination of:

» direct reaction (DR),
# microscopic nuclear structure
» statistical methods.

e




| MSD Highlights

H = Hopt £+ Hintr £+ |/res

» [1°P' optical model part
» H™T7 intrinsic Hamiltonian

o /"% residual effective projectile-target
Interaction

—



| MSD Highlights (cont.)

Lippmann-Schwinger equation for the T-matrix
Typ =< x|V (G (B)V7)"0)[xg

the n—step transition from the entrance channel

with incoming wave v\ and the ground state
configuration |0) = |aA) to an exit channel v with

outgoing wave X(E_) at the energy E

» Gn(R) Green's function for the channel.

» Scattering waves are optical model wave |
functions.



| MSD Highlights (cont.)

» Real states v are expanded into n-particle
n-hole model states c. With

Hintr _ Héntr + V@'nt'r
model states c are eigenstates of H""

» Residual interaction V™" couples states from
different particle-hole classes only.

» Configuration mixing between np — nh
classes Is of stochastic nature

» Never-come-back hypotheses |



| MSD Highlights (cont.)

# The one-step cross section Is expressed as

dEdQ ZSA dQ

where o) is a reduced DWBA cross section
calculated with the average form factors.

—



| MSD Highlights (cont.)

» The final result for the two-step MSD cross
section Is of very intuitive structure

d2o(?) do(?)
T =Y / AB\Sy, (B, Bx)Sy, (1, 0) == (B, By) [,

A1A2

o(2) is an averaged cross section defined in
terms of the 7 —matrix elements

—



| Response Functions

» A reliable description of response functions is
provided by the Random Phase
Approximation theory (RPA).

» RPA accounts for collective and non-collective
features on the same theoretical footing
(weakly excited background states and the
strongly excited giant resonances (GR),
low-lying surface vibrations).

» Energy weighted sum rules are conserved

» The enhancement of the response due to
ground state correlations is included. |



| Response Functions (cont.)

» The quasi-particle RPA (QRPA) = canonical
transformation to two quasi-particle (2¢qp)
rather than 1p — 1A states.

# 2¢gp energies are taken to be complex by
adding a state dependent damping width I' .

» The MSD response functions are calculated
with single particle levels from a spherical
Nilsson Hamiltonian with standard
parameters.

» Only inelastic events are considered. |



| MSD Implementation

» |nput parameters are passed to ORION and
TRISTAN directly from the EMPIRE.

» Default MSD calculation can be performed
without any additional input.

# K self-consistent coupling
» x; from GDR energy

® K9, K3, k4 from excitation energies of low-lying
2%, 37, and 4" collective levels.

» Charge exchange channels not allowed.

—

~ CC MSD MSC DEGAS HMS Lev.Den. | Results




| Multistep. Compound

Nishioka, Verbaarschot, Weidenmueller,
Yoshida (NVWY)

# series of transitions along the chain of classes
of closed channels of increasing complexity.

» classes defined in terms of the number of
excited particle-hole pairs (n) plus the
Incoming nucleon.

N =2n-+1

» two-body force = only neighboring classes |
are coupled (An = +£1).




| MSC (cont.)

» Average MSC cross-section

do-ab b
— (146, T, T

(kinematical and angular-momentum
dependent factors omitted).

—



| MSC (cont.)

» The transmission coefficients 7 coupling
channel a and class n are given as

42U
TO = T .
(I+m2>,,Us)
where
Uy = pﬁ’l < Wna>

p? bound level density of class n,
W, .. the average matrix elements connecting

channel ¢ with the states in class n. |



| MSC (cont,)

» The probability transport matrix 11,,,,, IS
defined via Its inverse,

(H_l)nm — 5nm(27TP?z)(Ft T szt)
—(1 = Gy ) 2P V2,27 py, -

Vn%m matrix element coupling states in classes
n and m,

'+ average spreading width of states in n,

['“** average total decay width in class n. |



| MSC (cont.)

» The spreading width '} is again related to the
mean squared matrix element V2,

[ = 27TL 2 oh.

» Chaining hypothesis = V2 couples only
neighboring classes

(Vn%m = Ounless | n —m |=1).

—



| MSC (cont.)

» The decay width I'** is determined by the
sum of the transmission coefficients 7% over
all open channels

Fext 27_‘_10” —1 Z Ta

» Chaining hypothesis =-only | n —m |<1
emissions are allowed.

» Note that, differently from the FKK
formulation, in the NVWY theory transmission

coefficients 7,,_,,, carry two class indexes. |



| MSC (cont.)

» All microscopic quantities < W, , > and V2|

are expressed In terms of the macroscopic
ones.

s < W,,>Is equated to optical model
transmission coefficient

s V2 isrelated to the imaginary part of the
optical model potential W (¢) with
[y = 2W (e).

B



| MSC (cont.)

» Matrix II"! is inverted numerically and used
to calculate MSC emission spectra.

» EMPIRE decides whether the MSC should be
followed by the Hauser-Feshbach or not.

~ CC MSD MSC DEGAS HMS Lev.Den. | Results

B



| Exciton.Model

» DEGAS code by E.Betak and P. Oblozinsky

» Semi-classical PE model for nucleon induced
reactions

» Strict angular momentum coupling (FKK-like)
» EMPIRE version limited to:

» Single PE emission
s primary y-cascade

» 4 exciton stages |



| Exciton.Model (cont.)

» Absorption cross section renormalized to the
EMPIRE one

» Results:

» Nheutron, proton and ~ spectra
» Spin dependent population of residuals

# Proved to give y-spectra similar to more
microscopic Direct-Semidirect model

» Applicable up to about 30 MeV

' CC MSD MSC DEGAS HMS Lev.Den. |




Monte Carlo Preequilibrium

» Formulated by M. Blann and coded by M.
Chadwick

Unlimited multiple precompound emissions

°

Residuals’ production for nucleon induced
reactions

°

Double-differential spectra
Recoll spectra

Thermodynamically correct binding energies
Applicable up to about 250 MeV _l
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| Dynamical approach to lev. dens.

(specific to EMPIRE )

» [eatures:
» Collective enhancements due to nuclear
vibration and rotation.

» Super-fluid model below critical excitation
energy

» Fermi gas model above critical excitation
energy

» Rotation induced deformation (spin
dependent) |



| Dynamical lev. dens. (cont.)

» Prolate nuclel




| Dynamical lev. dens. (cont.)

» Oblate nuclel

i (0PI
_



| Dynamical lev. dens. (cont.)

K - spin projection,

Ser - effective moment of inertia

defined in terms of perpendicular & and parallel
& moments




| Dynamical lev. dens.(cont.)

» Rotational enhancement automatically taken
Into account.

» Vibrational enhancement

\

( 2/3
ImyA A
K, = 1.7 T4/3

\ /

with Sy, = 17/4mr2g and ry = 1.26.
» Rotational and vibrational enhancements are

damped with increasing energy



Super-fluid (BCS) lev. dens.

» Used below critical energy

» Level densities are expressed through the
determinant Det calculated within the BCS

theory

2J +1 S—J(J+1)
U,J) = ex

» Corrected for rotational and vibrational

collective effects in the non-adiabatic mode |
IO(U7 J) — pBCS(Ua J)QBCSKrotmeéb- 2iDar

rot



| |_evel densities iIn EMPIRE

EMPIRE-specific:

a energy dependent following Ignatyuk et al.
a deformation dependent (surface term)
experimental values extracted fitting D,
EMPIRE-specific systematics built in

'local systematics’ created during calculations
BCS below U,

adjustment to discrete levels |

- CC MSD MSC DEGAS HMS Lev.Den. | Results
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| Gamma-ray emission

El, E2, and M1 transitions

» E1 transmission coefficient

TGMR _ 27TfX ( )EQH—l

» Brink-Axel hypothesis with
» The E1 ~-ray strength function (Uhl-Kopecky).

Z E,Ty(E.,T) | 07T AT
0-1, EQ) _|_ EgFZ(Efy)Q E5

—

fei(E



| Gamma-ray emission (cont.)

» Energy and temperature (T) dependent width

E? — 4xT?
(&, T) =T, ! .

» GDR parameters estimated from the spin
dependent systematics.

- CC MSD MSC DEGAS HMS Lev.Den. | Results |



| MSC and MSD coupling

» Higher MSC classes populated directly from
the MSD chain

» |Incoming flux splits between the first MSD

and MSC classes In proportion to the
respective state densities and to the average
value of the squared matrix elements

—

< V2 > unbound = unbound
< V2 > unbound = bound



| MSC and MSD coupling (cont.)

R

Tl — TOm

(R—1)+ 4%

where R=< V3> /< V2 >

n—1 R
Tn — Tom — Z Tz
- (R=-1)+5



| MSC and MSD coupling (cont.)

» Absorption cross section available to MSC
(cups) IS reduced by the total MSD emission

g T) = 00 (J]) (1 ?ﬁf)

. CC MSD MSC DEGAS HMS Lev.Den. Results |



| Default calculations
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| Default calculations

Cross Section (barns)

n+93Nb inelastic, capture, (n,2n) (n,a)
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Incident Energy (MeV)
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Default calculations
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Default calculations

E: Menu

F: Help
:
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I Adjusted calculations (evaluation)

Cross Section (barns)

T
Incident Energy (MeV)

“Iot




| Fission calculations

92-U-238(N,F),,SIG

~ B R

Cross Section (barns)

§ 92-U-238(N,F),SIG

Incident Energy (MeV) |



| Fission.calculations (cont.)

90-TH-232(N,F),,SIG

10F

Cross Section (barns)

! o

Incident Energy (MeV) |



| EMPIRE and surrogate method

Appropriate theoretical tool because of:

» detailed modeling

» extensive coverage of reaction
mechanisms

» flexible incident channel (including excited
targets)

» Observation of spin/parity coupling
» full gamma cascade

» good fission model |



| EMPIRE and surrogate method

# simultaneous calculations of all major
reaction channels (reliability)

» easy to use

» Graphic User Interface (GUI)

» simple input (extensive library of default
Input parameters)

» automatic comparison with experimental

data (adjusting parameters)



| How to get EMPIRE

EMPIRE-2.18 (Mondovi) available at:

» http://www.nndc.bnl.gov/nndcscr/model-
codes/empire-ii/

» CD-ROM can be requested from:
http://www-nds.laea.org/cd-catalog.html

—



EMPIRE \Web page

EMPIRE-II, Modular system of codes for nuclear reaction calculations, NNDC Mirror - Mozilla
File Edit View Go Bookmarks Tools Window Help

@Q Q @ Q |;¥ http:/fwww. nnde.bnl.gov/nndcscrfmodel-codes/emp! I [f{_sumh l Cgﬂ

4 Home | EIBookmarks ElLinux % ABCNEWS.com & eBay £JData Banks E3Physics EJPress < Wnrdswi;,rth % UNFCU Hol

Gallery

EMPIRE-2.18
{Mondovi)

Mandatory; contains
FORTRAN sources,
input parameter library,
scripts, GUI, and
manual; size 8.5 Mb

Installation script
(use shift+click to

| 9y

c

=

(co-ordinated by M. Herman)

RELEASE 2-18 (Mondovi)

(October 10, 2002)

EMPIRE-1l is a system of FORTRAN codes
linked through a number of bash scripts that

_ with a few key strokes and mouse clicks

perfarms comprehensive calculations of
nuclear reactions using combination of the
most important reaction mechanisms.

* Broad range of energies (from above
the resonance region up to a few
hundreds of MeV)

* Projectile: any nucleon or nucleus
(including HI)

o ENDF-6 formatting

» Automatic retrieval of experimental
data from the EXFOR library

PIRE-II |

Modular System of Codes for Nuclear Reaction Calculations

)

& Spherical Optical Model

e Coupled Channels (CC) and DWBA

« Simplified CC for HI fusion

o TUL Multistep Direct

* NVWY Multistep Compound with
gamma emission

& Second-chance preeq. emission

& Exciton Model

* Monte Carlo preequilibrium

o HRTW for widths fluctuations

e Hauser-Feshbach model with full
gamma-cascade and dynamical
deformation effects

download ; 5 , ¢ Total, elastic and reaction cross |
BTiia ) At R aeh e Automatic plotting of experimental and i |
L[] & &4 £] [Done [ i )




| Next release of EMPIRE

EMPIRE-2.19 (Lodi) expected March/April 2004
will include:

» new fission channel
# reactions on excited targets
» merging of resonace region into the ENDF file

- CC MSD MSC DEGAS HMS Lev.Den. | Results |
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